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Two propor;ed e:ipls:lct?ionr fur t!le cll>p2rent p-mcsic atom X.-ray 

discrepancy are the possible existence of nonperturbative vacuum polarizn- 

tion modifications and the possible existence of a weakly coupled light scalar 

boson. We show that a nonperturbative decrease in the vacuum polarization 

spectral function implies a reduction in the vertex for a time-like photon to 

couple to an electron-positron pa.ir. This would lower by a few percent the 

rate for no Dalitz decay and suggests observable effects in the colliding 

beam reactions 2e- - e-12, e+e- - p*p+. Turning to the scalar boson 

hypothesis, we use neutron-electron and electron-deuteron scattering data 

to show that n scal;lr particle with mass lighter than about 0. 6 MeV cannot 

be invoked to explain the p-mesic discrepancy. WC conclude by discussing 

t!:c useful role \rvhich isotope effects n;lrl i;-nlrsic atom experiments rnic:ht 

g,i:~~y in determining the [‘heilorlli:nolo,~ic,71 structure of tllc extra potential 

I:nplied by thi: discrepancy. 

F’crinJ.r.ent addrc:;5: I’rinccton ,Uni\-i:rsi!:y, t’rinccton, N. .T. 0820 



-2- 

Recent stndies of the X-ray spectra in p-mrsic atoms have shown 

persistent discrepancies between theory and experiment.’ These discrep- 

ancies, if confirmed in future measurements of higher resolution, will 

require modification of the usual quantum clectrodynamic theory used for 

calculating the p-mesic atom energy levels. Phenomenolo~ically, the 

required modification takes the form of~an additional repulsive potential 

bV(r) seen by thi: orbitin:; muon, which if written as a superposition of 

Yul<R\va potentia!s 

-err 
CV(,) :: 

.f r 
<i<J \-,-( 01 -e- (11 

can involve masses m in the range from 0 to - 22-30 MeV. 
1 

At a funda- 

mental level, the potential of Eq. (1) could arise from various sources. 

2 
One possible origin would be then presence of nonpcrturbative vacuum 

polarization modifications, which would change the usual vacuum polari- 

zation potential given by the lowest two orders of perturbation theory, 
3 

Vvp(r) = -% G2 ,’ F[ p(t) -t p;oJ(t) t + 
4m. 

2 
e .L 

t (,;I) 
-t2r 

(t) + Pep (l)(t) 1 -y- , 

Z = nuclear charge, 

(2) 

,,c(oyt) = 1 + -.,-2x?- ( 2rf2, t1 _ Yq ) pyl) = . . . , 
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LO read V - V 
VP VP 

t 6V, 

2 r T$ 6p(t) + . &V(r) = -z k 
4,: 

(3) 

Iiere 6,(t) (which must be negative to produce a repulsive potential) is a 

non-perturbative change in the vacuum polarization spectral functions, of a 

magnitude much larger than one’s naive estimate o,f the sixth and hi:;her 

-::-der i>t!l-tur’bjtio;l theory 5~ rrns omittcci i~~i “~1. (Lj . Another po~::ible 

n:izin would bc the esi., -tcncc ol il weakly co~nplcd li::ht .scalar, ir:~:;i-alar 

4 
:~; :. 1 .s on 3 coupling both to the IL and to nuciw~~ils, which would p2.oducc a 

pure Yukawa potential 

-M$r . 

6V(r) = 
c 

I- ’ (4) 

A = nuclear m~ass number 

One way of distinguishing between the vacuum polarization modification 

and scalar meson mechanisms is through the muon g 
P 

- 2 experiment, 

v-here very different effects are predicted at the level of accuracy to be 

attained in forthcoming experimerlts. 
2 

In this paper we discuss some ad- 

riitional pllcilolnenolo::ical aspects of the two mechanisms, with the aim 

n< providing frrther nleans fo,r distinguisllin:; the fl.lndanlentnl origin of 

:i:e potential of Eq. (1). 

We be:;in by considering some implic-atio:~is of a Il(~ti-I’“rtur!,~tivc 

:;iIsdification in the va.cuum p’c>l~arizltioi: spcctrnl iunctir>n p(t). In 
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particular, let us focus on a process in \vhich a time-like photon (of mass 

smaller than the mass of a p pair) is emitted from a “black bo.x” and 

decays into an electron-positron pair (Fig. 1). Neglcctin g radiative 

corrections, the rate r for this process is given by 

I- 
(e’e-) 

=~ K j- dt + v,(t) r;“)Ct) 3 (5) 

::.-it3 K a kincnmtic constznr. The first i\VO iaitnrs 1/t and y,3(t) are, 

respectively, the photon prOi>a’~lator and ;L function dc.scrihing the beha\-iql 

::: -he “h!;l& i,<,:.:.” l.‘hc: fi:::,I f,l~tor- p iOict) i 
e 

\:.hich arises rrr3:n tilv piiasc 

space integral for the electron-positron pair, is just the lowest order 

photon spectral function defined in Eq. (2). Let us next consider the effect 

of first order radiative corfections. 
5 

If photons emitted from the “black 

box” are neglected, these consist of the interference of the loop diagrams 

in Fig. 2(a) with the lowest order diagram of Fig. 1, and the square of the 

hremsstrahlung diagrams of Fig. 2(b). Carrying out the phase space 

integrals for these gives 

r z 

(2e-) t(e+e-y) 

K s dt ; y,,(t) [p;‘)(t) .)_ p(‘)(t) t p 
c (6) 

x.vitb pll)(t) and p t1 IO order I corrections defined above. 
3 

The 

i;*:leralization of this ar:;umcnt to ,a11 orders 
5 

stnte:: that the rate for the 

“black box” to decay, via one virtu;ll photon c.xchan~;e, into a ,q:cneral 

i:!Fctronlng:nctic final state containin:; el*vtrons, po:~itro!~:;, and [‘h<>tons 

bi:: csclurlillS the orlc-.photon state, ic; giiren by 
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r;EbJf) = K .f dt $ YE)@) p(t) I (7) 

with p(t) the exact photon spectral function. Let us now use the fact that 

t- t- 
the various indepkndent final states (e e 

+ - 
, e e soft ?“s, e e hard y , 3y, 

t- t- 
e e e E , . ..) all make positive contributions to r 

(EM). 
Hence use can 

write 

rGW = rie+e-) + (,f,- soft +) + rother ’ (8) 

I‘ ’ 0, 
other - 

~.;.hf~ci-~ conil,ir?c;rl~ \~;iih fq. (7) givc:5 t!le ilicqllxlity 

I- 
t - 

te+e-) t (e e soft y's) 
_< K -/ dt + y,(t) p(t) . . (9) 

Now let us introduce the assumption that p(t) , rather than being well- 

approximated’ by p f P;% t P,;%J, is given by p, (O)(t) i 

with Sp a (negative) non-perturbative modifica- 

tion. JVe then find 

r 

(efe-)+(e 
t - 

e soft Y’S) 
< K j-dt + YB(t) [P, - (O)(t) t ppt) + p,,jl)(t) + “p(t)], 

(10) 

iadicating lliat postulating a non-perturbativc vacuumpol~3riZ~ti”:l ruodifi.. 

c3mtiorl to cs@ain themesic X-ray discre~~acy predict; - ‘1 c:orrt?s ,ondi,,c7 ---- 

reduction in the (rad,iative corrected) rate Car -----~ *iI. priid~.~~:t:ion bv a time- 

!iice photon. ‘To l~oughly cstima.te the magnitude of the expected effect, we 

recall that in Ref. 2, fits wcrc nm.dc to the IL-music X-ray discrc:,nnc:y 
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using various forms for &p(t) , silbject to the technical assumption that 

the magnitude of hp is a monotonically illcreasing function of t (i;s 

might be expected if we are just enterins a new regime where the dis- 

crepancy 6p is appearing). All monotonic forms giving good fits were 

found to satisfy 

6P < -0.03 , t ,> (160 rrl ) 
2 

e 
- 0. 01 (CeVIJ, (11) 

:i.iih $omF rC!ilL’C?S*ZT>‘~G%tive fits :viven IIT,- 

(ii sp : - (1, 0 3 2 0 (\:’ .- 2. ; ) , 

(ii) 6p = -0.071 O(w-3) - 
t 

w-3o*2 

w J ’ 

( 1~ 2 ?. ) 

(12b) 

0 = step function , wzg,/t 
\ \4m > 

2 * 
e 

\Ve conclude from Eqs. (11) - (12) that reductions in pair production rates 

of the order of a few percent are to be expected. 

Let us now apply these remarks to some specific cases. We 

consider first in 
0 

Dalitz decay, to \vhich the “black box” argument is 

directly applicable’ and for which Eq. (IO) becomes 

,iE r -1 I 
! J 

(7 O-2y)j (To-*y e+e-) + (~r,“-*y .+e- sopi X/‘S), 

4rr < .- 
- 3r; i:y dt + Y oit) [Pyt) .t. r:yL) I. jp$% -1 b[‘(tj , 

41x1” Tr 
e 

Y o(t) z: 1 - + 

,i 

( 

rn 

:"il,. Lat) . 

IT 

(13) 
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~1~~ term 1 ~1 2a t arises from the hadronic electromagnetic form factor 

(or time-like photon emission. In the appto’:imstion of p-dominance, a 

is given by 

1 0. 03 
aN - h 

2 1 ' 
(14) 

M m 
P ii 

but could possibly deviate from Eq; (14) by up to a factor of two in either 

direction. Neglecting products of rralt quantities and cc?-rrying out the 

i:..!:~&rrals In xc:. (13) gi.ve.5 
2 

-;; JnlK~ & r (, _ .,,L.d3 ('yti 4m~ t \ ,,$; clc = 1. LS!, . LOT2 z f:O , 

e (15) 

ZE 
3Tr 

Jrn’ dt $ (1 _ +rpe\J1)(t) <C 1. 05 . 1O-4 ; 

4m2 m 
e li 

2kc 0.03 

3n 
dt $ (I- j~~atp~oi(t) = 2.32.10-5=1.9640-3H0, a=~, 

m 
TT ii 

2 -4 -2 
. m (-2.69 -10 = -~2. 27 10 

i 

BO, bp = Eq. (12a), 

1 
J ““t -2 

4tTl 
2 

-3.76~10 n , 6p = Eq. (1212). 
c li 0 

0 
I‘rom the final line, WC sec tIxct Sp leads to a reduction in the JT Dnlitz 

!,-;xtc in the ran;;c of 2 - t!‘>L, at: ,anticipated; 
7 

~onlpari~rg with l.!le third line, 

\‘: t: se. tl,;it tile e[fcct i:j iii, o~-rli:i- of *~r1,:~;*itudc l;lrg:er tlia!l prxsible 
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uncertainties in the rate arising fro-m uncertainties ii1 the hadronic structure 

constant a . The current experimental status of r;’ Dalitz decay, and of 

doable Dalitz decay (where both photons convert and our reasonin: suggests 

a 4 - 87; rate reduction) are 
8 

0 
77 - ye+e- conventional theory: B 

-2 -3 
= 1. 156 . 10 t 1.05 . 10 = 1. 196 . 1O-2 

experiment: B :z (1. I66 + 0. 045) . lo-2 

0 +- _ + _ -5 (16) 
T -ee cc conventia!~.al theory: ii :: :.:,‘I . 1.0 

experinlrlit: r:- (3.18 t 0.30) . 10 -5 , -. 

entirely compatible with reductions of the magnitude which we have been 

considering. Evidently, an experiment to measure the Dalitz decay rate 

to an accuracy of better than 1% would be of considerable interest. 

We consider next the electron-positron colliding beam reaction 

t - 
e e - p*p7 which has been extensively studied for t values above 

2(GeVlcj2. In this case we cannot establish precise inequalities includ- 

ing radiative corrections as we did via the “black box” argument for pi 0 

Dalitz decay. However, since the “black box’! argument indicates that 

the coupling of a time-like photon to a pair is reduced, we qualitatively 

expect 

cr 
t - 

~ f (with 6~) 

e e -+p p 

ci t - zt F 
(conventional theory) = (1 t- 6,)(1. i- tP) , 

e e ‘P EL 

(17) 



with 1 t 6 
e’ 

1 -t 6P reduction factors describing chsnses in the coupling 

of the time-like photon to the electron, muon pair respectively. IF we 

assume that we can estrapolate the order of ma:<nitude of 6 from the 

p-mesic atom fits at t < 0. 01 (CeV/c) 
2 

to the vastly larger t values 

seen in colliding beam esperiments, then we might expect to see a 6 - 10% 

reduction from the conventional theoretical prediction in the cross section 

for IL pair production. Present experimental results for this process are 

Frascati9 
! 

t - 2. 5 - 4(GeV/c) 
2 j o-~+~- i (cspcrimont) I 

--xxzll~.--..-- 
! IO- i *. 2 

(;$ifl < ‘i < F~SO 
: <: (’ -- i! e c:,.!i:i~in-~:.r,t) 

----..---~---~.~.~. 
icr = 0. 9s k 0. 08, 

* r 
(conventional 

; e e -p p. 

iu+ _ 
(e e 

~ T (45O<O Cl350 . 
-e e conventional theory) 

SPEARlO 
t- 27(GeV /c)~ 

. ee--et? esncriment) _’ 
= 0. 92 -t 0. 11, 

/ 

(rt- rtf 
(conventional theory): 

e e -p p 

ut - + _ (O-3.7O 
_ ee--ee conventional theory) 

both of which are evidently compatible; n,ithin errors, with a time-like 

vertcs reduction in the 3 - 5% range. More prdcisc experiments here 

v~,W:.lrl ‘again be of consiclcrablc interest. 
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L + 
We consider finally the reaction e+e-- e e . Here the cross section 

coxtains three terms, involving respectively space-like photon exchange, 

time-like photon exchange and space-like-time-like interference. In the 

only precision experiment reported to date (done at Frascati) the sign of 

t 
the final e and e- could not be distinguished, and hence it was not possible 

t3 select a kinematic region where the time-like vertices dominate. The 

Frzscati result 
11 

gives 

uA _ &e -e*e+ (450< 0 < 1350 
esperit-Ic!lt) 

= 1. 00 i 0. 02 ; (1”) 

u ~+. _ 
e e -e 

i f ~n~~~n~i~n:i;jt;lrory) 
e 

to determine the sensitivity of this experiment to the time-like vertex we 

replace the time-like vertex in the usual Bhabbx formula by (It be) and 

integrate over the angular range 45” < 0 < 135 O, giving 

cr+ - 
/ 

e e f ef,eT \ ti~~~l~~eev~,l~,‘,“~ X ( 1-I 6 e) > 

5- iF 
4s”< 0 < 1350 

> 

= (1 - 0.08 be) . 

e e-e e conventional theory 
(20) 

Iicilce a 6 
e 

of -0. 03 to -0. 05 is perfectly compatible with Eq. (19). 

Accurate experiments emphasizing the time-like vertex coixtribution (that 

i, i, 
t - 

measuretnt?nts of e t? 
- t 

- e e ) would cvidcntly bc desirable. 

Let us now turn our attention to the possible existence of a v~cskly 

i.ocpled scalar, isosca!ar boson $ as an csplan;1tion for the p-mesic X-ray 

i;i:>CXt2p”Cy. Fitting Eq. (4) to the ~~.-mo~i<: ;a.tr>rn data gives a coupling 
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ior I\4 2. = 
cb 

22 tL4cv. 1, 
Issix< these enlpirical strengths, and making the 

additional assumption 

m 

g@-< = -A g 
P OPTi ’ 

(21) 

as suggested by the structure of 6 couplings in unified gauge theories of 

the weak and electromagnetic interactions, it is possible to give argutxcnts 

:- 1: 1 i !I g out t!! c: e x i i t f n c e 0 f a C> in rrto:<;; rof lhc allr~~.~:etl LIxiss r<,rL<e bet\vc<:n 

” and 30 MIeV. First of all, Resnic!c, Si~ndxresan and Watson 
12 

have sug- 

r~2;:cil lodiin~, 
i- - 

vr<a the $ -* f <? di:,:.iy i:ii;cic, ;or ::5 ~lii-; 0:: :; r:nCttcd in 

0 
t 

- Of nuclear transitions. Such an experiment has been reported 

recently by Kohler, Becker and !Vatson 
13 

using the transitions between the 

16 
excited O(6. 05 MeV) and 4He(20. 2 MeV) 0+ levels and the correspond- 

ing Of ground states, with a negative result which rules out the existence 

of a 0 with mass between 1. 030 and -18L4eV. This method obviously 

cannot be used for M 
@ 

< 1. 022 MeV, whcrc the e’e- decay mode is kine- 

matically forbidden. We will now present a second argument, using 

:;eutron-electron and electron-deuteron scattering data, which rules mat 

t:>e existence of a $ mes’on in the mass range between 0 and 0. 6 MeV. 

The arguurnent is based on the fact that the scattering of therma 

::ccutrons from atomic cl,cctrons can hi: rlisentanylcd Ironi the neutron- 

;~;acleus interaction, for e.xaml>lc by usin:; the fact that the fornier is 

:r~..rjdul.ated by the rapidly varying atomi<: electron forin factor F*(t). 
l-% 
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Now if a scalar meson (I is present which co~~ples to both neutrons and 

electrons, the usual electron-neutron Coulomb interaction is modified to 

read 

e2 CEN@! 
gdleee s 

7 
0 N\rm 

t 
t-M 

2- ’ 

b 2 

with G F”(1) t1 le neutron charge form factor. Substituting 

C;,N(t) = -aNt ) 

\vith a N the neutron iornl factor slope, airtl usin: 

CL -1:; a ( 

m 
-7 

-gq5ee g 
= 4n -5 1.3 * 10 * M S lMeV, 

@Pm 
mP 

Q 

(22) 

(23) 

(24) 

the t- 0 lilnit of Eq. (22) which is appropriate to the scattering Of 

thermal neutrons becomes 

That is, in the presence of a scalar meson,the thermal neutron Inethod 

measures not the true neutron form factor slope a N, but rather the 

cf:ective slope 

1 
me 1.3. 1o-7 

“EFF = aN - ; m M 2 ’ 

v (, 

According to the nlost recent thermal neutrux expc.rinl~:nts, 
15 

&Ei;.I; : (0. $12 0. 02) I(C;eVIc)2 , 

(26) 

(27) 
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;i-bile if M < 0. 6 MeV, the second term on the right-hand side of Eq. (26) 
0 - 

is 

1 me -7 - - 1.3*10- > 1 me 1.3. 1o-7 1 -. 0.24 
cy m 2 - 

MQ 
c! , (2.8) 

P mp (0.6.1oq (Gt2v/c)2 - (cev/c)2 

implying that a 
N 

exceeds a 
EFF 

by 50% or more. On the other hand, 

electron-deuteron scattering experiments have been performed at momentum 

transfers in the range t = 0. 01 - 0. 1 (GEV/C)’ , whe:-c the scalar meson tern1 

::. I7q. (LZ) IS no~ligiblc rekrtive to the Couloinb term and $3 the true t;l~ope 

‘I 
is trleaiu:rei!. Tiles<? c!y,cl~:t:~leCtS 

16 
ar:: ,ni-Qil:pati~!lLc! .\i,ilh an <a 

2! 
1~:l:ich 

esceeds the thermal neutron value by SO’% -- if anything, they indicate a 

slightly smaller value of a than the thermal neutron value, most likely 
17 

N 

as a result of uncertainties in the deuteron corrections. So we conclude 

that the }I-mesic X-ray discrepancy cannot be caused by a scalar meson of 

mass lighter than 0. 6 McV. Closing the gap between 0. 6 MeV and 1. 022 MeV 

would require a determination of R 
N 

in electron-deuteron scattering to 

better than 15% accuracy, a difficult but perhaps achievable goal. 

We conclude by discussing two additional experiments which could 

be useful in determining the phenomenological structure of the extra potential 

of Eq. (1). One obvious distinction betweenEqs. (3) and (4), quite indc- 

pendent of their detailed r-dependence, is Lhat Eq. (3) coilpIes to the nuclear 

i~cixirge %, whereas Eq. (4) couples to the nucleon niass number A. Clearly, 

a potential coupling to % will product the same aYY-ray discrcpar~cy in all 

isotopes of il given eleirie~nt, xvheress it potential coupling to it\ will sIlo\v a 
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change in the discrepancy from isotope to isotope. Perhaps the most 

likely candidates 
18 

for observation of this effect arc the p-mesic lielium 

ions [ 3He, p]-’ and 1411e, r*].‘, In Ref. 2 we showed that any potential of 

the form of Eq. (I), which fits the ohserved +-mesic X-ray discrepancies 

and which does not involve masses r lighter than 1 Me\‘, will reduce the 

2P - 2s Lamb shift in [ 4~ie, ~1’~ by about -0. 027 eV. The corresponding 

effect in [ 3He, p]-+ will thus be -0. 027 eV for a potential coup!ing to Z 

,?!lCl i /4 x (- 0. OLY <!V) :: - 0. IO20 i:\, for :: poti:3Li;Il coupling to A. To gi\;e 

nn idea OF the c:nerzy scale i,n:-olved, we no(:c ti!at the r!iffcrc;lrc betwcci~ 

t:?t:: t~i-0 cases of -0. 007 eV is rriu:ly a factor at tiio smallar than the 

fourth order vacuum polarization shift 
19 

of -0.012ev. For the effect to 

be observable in practice, current uncertainties l9 in the nuclear charge 

radius and nuclealr polarizability will have to be reduced, particularly in 

the case of ‘He. Obviously, the same reasoning applies to isotopic 

partners of higher atomic number, but the attainable fractional change 

in the p-mesic discrepancy is not as high in these cases as in the helium 

systcrn. 

Clearly, a second general phenomenologic;ll question which can be 

asked about the potential of Eq. (1) is that of determining the nature of the 

coupling to the orbiting particle. Ol~viously, the vncunrn pola rizntion 

potellti<al of Eq. (3) is the sa~xxe for ,311 ne,gativcly char::cd orbitin;; elc- 

miintar’y particles. whereas t;lc scalar mesoi~ potential analogous to 

Eq. (.4) cou:ld bc rnthcr dificrent if the orbit.ing particle wcr13 a hadron 

rather than a mucz,,. h natmral way to starch for such differences in 
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cou?lin,gs would be to study the transition X-rays in :-nlesic atoms. In 

order fox tile sn~all energy shift produced by Eq. (1) not to be masked by 

the rather nncert’ain energy shiits resulting from the strong rr-nuclear 

izteractions, it is necessary to consider pions in large circular orbits 

(f = n - 1, n large) in which the pion spends a very small amount of time 

Inside the nucleus. At tho same time, the orbits cannot be chosen too 

Iarge, lest uncertainties in Ihe electron screening correction (typically 

ci,out 5% o: the screening: corre~iion itseli) mask the c.ne::y shift br:in;; 

:. i ,7. I c 1 1 t ci f rj r . \!;e b.S\~C ) ._. .I t:... i..L:i(~.I,-~, L--,!~y sur~.-,~~L-“’ 1 all ; - n 1” 5 i c .tto xl i: i ? ClUli, r 

orbits in the range % = 15-90, n: 2-9 and have located a number of cases, 

tabulated in Table I, where the expected energy shift from Eq. (1) is sub- 

stantially larger than both the nuclear energy shift and the estimated few 

percent uncertainty in the screening correction. (The formulas used for 

making these estimates are listed in the Appendix.) The transitions of 

interest all lie in the energy ra..nge 75 - 200 keV, which may permit high 

resolution crystal spectrometer studies 
20 

using the high pion fluxes 

expected to be available at meson factories. \Ve emphasize that on the 

theoretical side, the pursuit of this ide z will require a careful determina- 

tion of all normal energy shifts which affect the x-mcsic levels, much as 

has already been done in the corresponding p-mesic cases. 

ncl;Nodrr~t:Dc~,\rI;:~,rs ----- 

!Ve wish to thank S. Hrodsky, E. I3. I~I~l;hes, 13. Lautrup, 13. IV. Lee, 

‘. . Telegdi, ii. I. ib’cis be r 1; c r, and 11. \Yilson for liclpfl!l coilvcrsatior~s. 
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APPENDIX: 

E‘ormulns f3r T;-htesic Atom Estimates 

We outline here the formulas used in making the estimates of 

Table I. We consider throughout circular picnic orbits (P = n - 1) and 

evaluate matrix elements of the various perturbing potentials nsing non- 

relativistic hydrogenic wave functions for the pion. The unperturbe~d pion 

energy is 
21 

7 2 
3: %a 

n n-1 
72 __-- m 

2n 2 ll 

givin,o for the X-ray transition energy 

E e E -E = 3.72keV 2’ 
Y n n-l n-l n-2 

+ (Zcd2 
1 

I&n - $ ) 

(A. 1) 

(A. 2) 

To estimate the nuclear energy shift we use the approximate formula 
22 

1 z / ye (‘“x?~~~~~ , 
E (2P$ l)! 

(A. 3) 

\vith C a complcs expression which is nwnerically of order unity (and ior 

c-hich we take the value 1 in the numerical work) , xvith MY the orbital 

qqlar n~omcniurn and li the nuclear r<adius. Taking 

1 A(E,- E 
n-1) Lclcax = j ~~En-lLuclea~ ’ 

(A. 4) 
E -- 3720 Gv’ 

2 
n-l 

(n - 1)2 
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we get the final formula 

in evaluating A as a function of Z WC use the approximate relation 

A = 22 z < 22, -. 
(A. 6) 

A : z + 22~;. 1. 75 (7. - 22), .z> 22 * - 

:> 0 stimatt~ :jc:-cc:;;;,: j co~rcc:lior,s t,cc t;r.: :;I!: p;l~ar:l~terj~.;itior. ior ::1,<: 

screening potential given by Vogel, 
23 

VSCR 
(r) = 

K -or 
-Cre , (A 7) 

with C (in 10 
-2 

eV for r in in-k), K and p (in fm-‘) as follows for the 

transitions of greatest interest, 

z 30 35 50 55 h0 65 

C 0. 0605 0.112 0.533 0. 867 1.389 2. 202 

K I.9319 1. 9166 1.8606 1.8380 1. 8142 1. 7897 

100 p 0. 04468 0. 05245 0. 07632 0.08433 0.09300 0. to194 

(A. 8) 

k-o;;“1 actually tabulated the paramctcrs C, K aild (3 for % between 35 and 

?I; in extrapolating his table to smaller 7. xTv’/t’ assume ;L linear x’ari:ltiou 

:)I K and I: (as fixed by his % = 35 and % :~ 40 values) and a (Z/35)4 

:.:tr izr t ion of C.T from % : 3 5 downw-nods. Ev~li.lati,n~ matrix element:; of 
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Eq. (-4. 7) (and using 291 
-1 

Tr 
* d2 fm to absorb the dimensional factors) 

zives the final formula 

.~L ‘(E -E ) 
n n-l screening I \I< 

?=z -c lo-zeyJ (,r2f , -=G : I- ( ~1 
/n 

+ 1 '- I<, ,,~ 2z.a f --- 
I‘(2n t 1) .i Zn t 1 it K 

1 + 
! 

/ iG \iK - 
r(Zn-ltK) 

- T(Ln-1) 
(A. 9) 

‘Y. <: :,ii\~e not ta!:u!ated n~.~clear ;iinla ri~...,I 11 .1it,, cr?rrccti~>,::5 , l,ocFLu~;n r!ct;li?cr? 

~~‘~1 ;z.~c3 ior tllc:;:j i~vc iern $:~:II 1,; ,‘:ricsr,n a;.il Cl(i:~lli:r. ’ ” F jj ; t i I L> t r 7~ (7. 7 i 

tions of interest the shifts resulting from this effect are considerably 

smaller than the shift resulting from the pion-nuclear strong interaction. 

Similarly, pion polarization effects and energy uncertainties arising from 

uncertainties in the nuclear and pion charge radii should be unimportant. 

To evaluate the energy shifts produced by the perturbing potentials 

of Eqs. (3) and (h) we employ the calculations of ~Rei. 2. From the 

var:uum polarization modification of Eq. (3) we find [5.75 cV= (a3/3n) m,] 

b(E.7 -lx ) 
n n-l \ia~uum polarization 

modification 

= 5.75 ev % 
2 

1 
1 

1 - $ ] [dw fv [ ,ilillZ c!“] bp(w), (A 10) 
i (n-1)‘ 

i 

cl; [pi 1 ~2 
I 

--L _ .1]-’ J .l-- 
(n-.1)2 11 “J i&1)2 

t 
i 

1 .t~ ! -2(n-1) 
A-\” 2; : i / & “_: 

~j - 2. n 

If 
i, 

+/ J - $ pt \ 4tnz,i %aj j 
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x..,hile from the scalar meson potential of Eq. (&) we get 

b(E -I+: ) 
n n-l scalar meson (-4. 11 ) 

= (%) 
r 

5.75 eV Z2 / 1 
? 

- .L 2.82 + lo* 
“0 l7li 

i (*J ,‘1 
g 

c$/I;gdNfi Y 
f [JM@2] - 

g * 
S@ 

The product 0 ‘l 
-c) ,p; -6 D;G 

is taken from Table VIII of Ref. 2, while for 

‘: 1s \vve use the value m /(2m ) = 0. Oh takrn by this ratio in tile 
; 7~ ;i 6 11; Ti ti 

i:mp1est gai,,ge models, in which there is only one physical scalar meson 

:::,:,~: 1;:. x.:-)lic)~k tile I ‘, 1 i r a ! 5 in ; [ pi ) ~:;C S i ,T ( 3 j :;\-~;~zr~i;:!-): l;rr:aki:l_r tern1 in the 

strong interaction Lagrangian transforms as pure (3,?) ct: (3, 3). The 

reasoning leading to the coupling ratio which we 13s~ is as follows. If 

only one scalar @ develops ‘a vacuum expectation value A , then the C$ 

couplings to muons and to hadrons are respectively 

.,-,I* d 
$ppi = h 

.3 1, 
0 hadron chiral breaking 

For muons at rest WE find 

< t+Qp ‘Qi”’ = mp I 

.- 
.:.~l:ilr for pions at rest c’e fiend, in the (~3, 3) +: (7, 3) I~lOrld 

25 
f<)lY 

:. ~, .’ 
chiral breakin:; 

< +;hiral t,reakin.,/TI > 1 :: -~-- ri, 2 z ; “,li, 

2m 7T 
‘17 

(A.12) 

(A,13) 

(A. I.&) 



k;:v~nn C~ col*pling ratio of m /(211x ) _ Heuristically, the factor of i arises .2 Ti CL 
, i 

from the fact that in a free Dirac Elamiltonian ~’ :- 
D 

= Gt (-i ,‘*? -F fi m)+, 

all of the particle mass in the rest frame arises from the chiral symmetry 

- 
breaking term m+$, whereas in a free Klein-Gordon I-Isrniltonian 

KG 
= $ (+)2 + $(?q)2 t * m2q2~, only half of the particle mass in the 

2 2 rest frame arises from th.e chiral breaking tern1 i tn 9 , the other half 

-risin.g from the term $ (3) 
2 

\vhich belongs to the chiral symmetric 

:.i::*:::ic c!ler,?)- leYt*i. 
26 
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FIGURE CAPTIONS 

Fig. 1 “Black box” emittins a time-like virtual photon, which converts 

to an electron-positron pair. 

Fig. 2 First order radiative corrections to the process of Fig.~l 

(neglecting diagrams in which additialal photons are emitted from 

the “black box!‘). 
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